Abstract. Currently, most of the shale gas development in China's Sichuan region adopts the large-displacement staged fracturing technology. Some of the shale gas wells undergo casing deformation during stimulation of the reservoir, where the trapped pressure of cementing section has a non-negligible effect on the casing stress in the multi-stage fracturing process. To this end, this paper constructs a finite element model of casing-cement sheath-formation assemblage under shale anisotropy based on the step-by-step finite element method by taking into account the whole construction process of drilling, completion and fracturing, in order to analyze the effect of trapped pressure on the casing stress under varying missing degrees, temperature field variations and cement sheath-formation property variations of cementing section in the multi-stage fracturing process. The results show that: 1) the larger the temperature drop in the wellbore during fracturing, the greater the effect of trapped pressure on casing stress during instantaneous pumping termination. 2) The smaller the missing degree of cementing section, the greater the effect of trapped pressure on casing stress under variations of cement sheath and formation. Therefore, optimization of cementing quality and reasonable optimization of relevant fracturing operation parameters are necessary in the future shale gas fracturing stimulation, so as to ensure the normal proceeding of subsequent well completion works.
Introduction
Low matrix permeability and porosity are the main features of shale gas reservoirs. To increase the production of shale gas, the fracturing stimulation of reservoirs is often necessary. During the stimulation operation of shale gas wells, there is a general need to fracture multiple well sections of reservoir. It is found during the staged fracturing stimulation of shale gas wells in the Changning-Weiyuan area nowadays that a wellbore integrity problem exists in many wells [1, 2] . That is, the casing undergoes deformation after single or multiple staged fracturing, so that the fracturing tool cannot trip in, and the bridge plug cannot be drill-ground after fracturing stimulation, which thus affects the smooth proceeding of subsequent operation and production.
During the multi-stage fracturing of shale gas, the influences of factors such as operating load, cement sheath failure and formation breakage may lead to the annulus under pressure of oil and gas wells, which may pose potential safety hazards to the wellbore integrity [3] .
At present, there are few researches on the effect of annular trapped pressure on the casing stress in the multi-stage fracturing process of shale gas wells. In fact, the high-pressure fluid may flow along the poor cementing section during the well fracturing to result in the presence of high-pressure fluids in partial annular sections; meanwhile, the large-scale fracturing of shale gas will also lead to drastic change of the wellbore and formation property. Therefore, it is necessary to study in detail the effect of annular trapped pressure variations on the wellbore integrity under different fracturing conditions. In this chapter, the wellbore assembly model of shale gas horizontal well is established by step by step finite element method based on the shale anisotropy for analyzing the influence regularities of trapped pressure on casing stress at different fracturing periods.
Developing FEM Model of the Perforated Casing in Shale Formation
Poor cementing quality and breakage of shale formation during the multi-stage fracturing of the reservoir will cause the fracturing fluid to flow along the wellbore direction, which may lead to the entry of high-pressure fluids into partial cementing section annuli. The existing annular trapped pressure model is concerned mainly with the situation where the cement sheath is completely discontinuous. In contrast, finite element model can better simulate the effect of trapped pressure on the wellbore stress state at different annular volumes during the volume fracturing.
Determining Mechanical Parameters
In the simulation analysis, the Moore-Coulomb criterion was selected as the failure criteria of cement sheath. Besides, Von Mises failure criterion was adopted to judge whether casing has plastic failure.
Model parameters were taken from one fracturing well in Weiyuan. Considering the existing stratification shale has the characteristic of transverse isotropy, 5 engineering elastic mechanics parameters needed defining based on the materials properties of shale rock. V v = 0.223 and E v = 40GPa respectively; V h = 0.22 and E h =35 GPa respectively. Moreover, G h and G v were solved through Equation (1) and Equation (2) Table 1 :
(1) 
Establishment Procedures of the FEM Model
The simulation in this paper can be divided into four stages: As a first step, far field stress and pore pressure are imposed on the formation, and stress balancing is made.
In the second step, borehole is excavated, and drilling fluid column pressure is applied to the wall surface to simulate the well peripheral deformation and stress state in the drilling process.
In the third step, cement sheath and casing can be added simultaneously to the model for easy calculation, so that the outer boundary of cement sheath matches exactly with the deformed borehole shape. According to the borehole conditions, the corresponding initial stress is applied to the cement sheath.
In the fourth step, pressure load is applied to the inner wall of casing to simulate the downhole condition variations in the later operation. The interface of cement sheath is simulated with the interface elements based on the Coulomb friction model.
The trapped pressure of cementing section during the shale gas well fracturing is composed mainly of two parts: 1) the pressure of high-pressure irreducible fluid in the injection process; and 2) the trapped pressure increase caused by the temperature rise after pumping termination.
In this paper, annular trap is assumed to be a rigid confined space. The formula for calculating the annular trapped pressure in the temperature rise process is as follows:
Numerical simulation of the casing-cement sheath-formation assemblage is carried out by using the established step by step finite element model. Considering that the temperature field of the assembly will change dynamically with the progress of fluid injection and pumping termination during the staged fracturing construction of shale gas wells, which leads to the change of assembly load over time in the transient heat transfer process, six time analysis steps are set up for the model in this paper. Among them, the injection time is 100 s, and the pumping termination time is 1000 s. Model parameter settings: 1) the initial hydrostatic fluid column pressure in the casing is 20 MPa, whereas the internal wellbore pressure at fluid injection is 70 MPa. Figure 1 presents the casing stress variations during pumping termination and 1000 s after pumping termination, respectively. Clearly, with the decrease of annular missing angle, the pressure of high-pressure irreducible fluid within the annulus shows an increasing effect on the casing stress. With the increase of pumping termination time, the temperature of wellbore temperature field rises gradually, and the casing stress also increases gradually. Cementing quality is an important factor in maintaining the normal production of oil-gas wells and ensuring their integrity. In addition, the property of cement sheath is also a controllable factor in site construction. As shown in Figure 2 , the effect of trapped pressure on the casing stress increases gradually during pumping termination as the Young's Modulus of cement sheath increases, which though decreases progressively with the increasing missing angle. In the site construction, the degree of increase in casing stress can be lowered by appropriately decreasing the Young's Modulus of cement sheath.
Results and Discussion
During the volume fracturing of shale gas, the large-displacement pumping of cold fluid into the formation will cause significant drop of wellbore temperature. Figure 3 shows the effect of injection time on the casing stress during pumping termination. As the injection time increases, the temperature drop in the wellbore increases gradually. It can be seen that the larger the temperature drop in wellbore during injection, the greater the casing stress at pumping termination. At an annular section missing angle of 90°, the maximum stress increases by up to 140 MPa. Therefore, the control of wellbore temperature drop during injection plays an important role in reducing the casing stress. The properties of initial formation have an important effect on the subsequent design of construction [5] . Figure 4 shows the influence of annular section pressure on casing stress under the change of initial formation Young's Modulus. As can be seen, at larger initial formation Young's Modulus and smaller missing angle, the effect of annular section pressure on the casing stress is more obvious, which though weakens with the increase of cement sheath discontinuity degree.
During the stimulation of shale reservoirs, the hydraulic fractures communicate the beddings and natural fractures in the formation to form a complex fracture network [6, 7] . The formation of such network in the formation will decrease the integrated Young's Modulus. Figure 5 presents the effect of annulus pressure on casing stress after reduction of formation property. As can be seen, at smaller discontinuity degrees, the trapped pressure has a more obvious effect on the casing stress after decrease of formation Young's Modulus. As the annular section missing angle increases, the change of formation property has little effect on the casing stress. 
Summary
This paper considers the whole process of drilling, completion and fracturing by using step by step finite element method based on the anisotropy of shale formation, which can better simulate the effect of trapped pressure on casing stress. The findings are as follows: 1) In the cementing section, the smaller the annular discontinuity volume, the greater the effect of trapped pressure on casing stress; 2) During the fracturing stimulation, the lower the wellbore temperature in the injection stage, the greater the effect of trapped pressure on wellbore pressure at the moment of pumping termination.
It is clear from the above conclusions that the temperature variation within the wellbore is non-negligible in the fracturing process of shale gas wells. Optimization of construction parameters, cementing quality and avoidance of excessive formation stimulation are the prerequisites for ensuring the normal production of oil and gas wells.
